Abstract-A coupled metal transport and speciation/complexation model (TRANSPEC) has been developed to estimate the speciation and fate of multiple interconverting species in surface aquatic systems. Dynamic-TRANSPEC loosely, sequentially couples the speciation/complexation and fate modules that, for the unsteady state formulation, run alternatively at every time step. The speciation module first estimates species abundance using, in this version, MINEQLϩ considering time-dependent changes in water and pore-water chemistry. The fate module is based on the quantitative water air sediment interaction (QWASI) model and fugacity/ aquivalence formulation, with the option of using a pseudo-steady state solution to account for past discharges. Similarly to the QWASI model for organic contaminants, TRANSPEC assumes the instantaneous equilibrium distribution of metal species among dissolved, colloidal, and particulate phases based on ambient chemistry parameters that can be collected through conventional field methods. The model is illustrated with its application to Ross Lake (Manitoba, Canada) that has elevated Zn concentrations due to discharges over 70 years from a mining operation. Using measurements from field studies, the model reproduces year-round variations in Zn water concentrations. A 10-year projection for current conditions suggests decreasing Zn remobilization and export from the lake. Decreasing Zn loadings increases sediment-to-water transport but decreases water concentrations, and vice versa. Species distribution is affected by pH such that a decrease in pH increases metal export from the lake and vice versa.
INTRODUCTION
A variety of mass balance models of the fate of nutrients and hydrophobic organic chemicals (HOCs) have been accepted in scientific and regulatory arenas for over a decade (e.g., [1, 2] ). Similar well-accepted and evaluated models are not available for metals. This situation is understandable because metal chemistry is much more complex than that of HOCs. As such, there is a need to develop approaches for estimating the fate of metals in the environment that is both sufficiently simple for widespread use but respects the complexity of metal chemistry.
Early models of metal fate considered the metal to exist in dissolved and particulate forms as defined by empirical values of K d [3, 4] where the K d is sensitive to changes in ambient chemistry. As a next step, Woodfine et al. [5] developed a dynamic fate model for total Cu and Ni based on the fugacity/ aquivalence concept of Mackay and Diamond [6] . The model considered the effects of metal concentration and pH on metal partitioning between dissolved and particulate phases using correlations derived from MINTEQA2 (U.S. Environmental Protection Agency, Washington, DC). The model did not address the influence on fate of metal speciation/complexation, dissolved organic matter (DOM), and redox-sensitive surficial sediments. Di Toro [7] developed a series of highly sophisticated and mechanistically complete models of Mn, Fe, and Cd fate by incorporating speciation and kinetic equations into fate and transport calculations for the water column and oxic and anoxic sediments. The models consist of nonlinear equa-tions and were applied to estimate nutrient, ligand, and metal fluxes at the sediment-water interface of two marine and one freshwater systems.
Bhavsar et al. [8] introduced a coupled metal transportspeciation model (TRANSPEC) , that is based on fugacity/aquivalence approach of Mackay and Diamond [6] and its extension to multiple, interconverting species [9] . The model first calculates the equilibrium distribution of metal in soluble phases, i.e., dissolved and colloidal phases where colloidal is defined as DOM, and complexation to the solid phase (defined as hydrous ferric oxide) using the speciation module developed in MINEQLϩ [10] . The output from MINEQLϩ is used to calculate total metal and species-specific K d values. The fateside of the sequentially coupled model then estimates the transport of all major metal species including metal bound to colloidal and particulate phases. This general formulation is able to estimate average, not event-specific, metal speciation and fate, using a minimum of data that can be collected using conventional field methods. The approach lies between the previously mentioned examples of simple and highly complex coupled metal chemistry-fate models.
The model structure of TRANSPEC rests on two critical assumptions. First, the system can be adequately simulated assuming equilibrium conditions for chemical speciation and complexation, thus, neglecting kinetic limitations. This assumption for metals parallels the assumption made in many fate models for HOCs such as the quantitative water air sediment interaction (QWASI) model of Mackay et al. [11] . These models assume that HOCs partition reversibly and that sorption and desorption occur instantaneously between the dissolved and organic carbon phases (e.g., [12] ). In reality, organic chemDynamic coupled metal speciation/fate model Environ. Toxicol. Chem. 23, 2004 2411 icals show a two-phase desorption pattern where the second phase is rate limiting (e.g., [13] ). A similar, but more complex, situation exists for metals. Many reactions are controlled kinetically, such as dissolution of metal-sulphide complexes [14, 15] and they also show a two-phase desorption process (e.g., [16] ). The question in terms of modeling is the extent of error introduced by neglecting reaction kinetics and adopting this simplification in light of the aim of estimating average, long-term conditions. The second major assumption is that the system can be described adequately by specifying, rather than calculating, chemistry conditions. In TRANSPEC we specify concentrations of all ligands, as well as pH and redox potential. Again, the parallel situation for HOCs in the QWASI and other models is the specification of the concentration of organic carbon in all compartments and organic carbon fluxes (e.g., sediment deposition). Unlike the complex Green Bay Mass Balance Study model of Bierman et al. [17] , the QWASI model does not calculate an organic carbon balance. Rather, it is assumed that point measurements of organic carbon from field studies can be extrapolated over time and space in order to characterize a system. The TRANSPEC relies on analogous point measurements from field studies. By extrapolating ambient water, pore-water, and sediment chemistry data over time and space, we assume a constant supply of ligands such as sulphides in sediment layers. This degree of simplification lies in contrast to the models of Di Toro [7] in which he constructs mass balances for Fe and Mn along with the major ligand such as organic carbon and sulfur. Though the models of Di Toro are comprehensive, are possibly more accurate, and can provide detailed temporal information, they demand equally comprehensive and detailed field data that are available for few systems, which limits their application (e.g., rate constants for mineralization of particulate organic carbon, rate of biomass accumulation in sediments). We suggest that both approaches, i.e., simple and complex models, should be used and evaluated to determine the extent of the error introduced by this simplification and, hence, the necessity of the added complexity that must be supported by detailed field measurements.
Bhavsar et al. [8] presented the steady-state version of TRANSPEC and used the model to estimate the fate of Zn in a system with historically accumulated metal in the sediments. The system, Ross Lake (Flin Flon, MB, Canada), is relatively dynamic in that field measurements indicate seasonal increases in pore-water metal concentrations due to, it is suggested, dissolution of ZnS(s) and the formation of more mobile, soluble Zn species. The result of this process, as well as seasonally dependent solid-phase transport processes, is the net export of Zn from the lake. Bhavsar et al. [8] found that the model adequately reproduced these trends based on specified, seasonally dependent changes in lake and pore-water chemistry and transport rates. Thus, the assumption of instantaneous equilibrium of speciation and complexation appeared to be reasonable, as was the specification, rather than modeling, of ambient chemistry as state variables.
Because a steady state approach cannot account for historically accumulated metals, Bhavsar et al. [8] used a pseudosteady state approach in which sediment concentrations are specified. Although this approach is relatively simple and computationally economical, it does not account for the depletion of sedimentary metal. Rather, a dynamic approach explicitly can account for this depletion and thus, can presumably provide a more accurate estimation of the fate of the contaminants over the years (e.g., [18] ).
In this paper we present the dynamic version of the TRAN-SPEC model [8] . This model estimates metal species equilibria using temporal changes in water and pore-water chemistry. The model treats fate processes as dynamic while retaining the assumption of instantaneous equilibrium for metal speciation and complexation. Here we first review the structure of TRAN-SPEC and its extension to a dynamic formulation. Dynamic-TRANSPEC is then used to assess the fate of Zn in Ross Lake that has elevated metal concentrations due to discharges for the past 70 years from a mining and smelting operation. We discuss the results of field studies that are used to parameterize the model and then model results are analyzed to investigate the response of the lake to variations over time in Zn loadings and pH.
THE TRANSPEC MODEL
The coupled metal TRANSPEC model is comprised of the metal fate and transport module based on the multispecies fugacity/aquivalence concept [6, 9] and the speciation/complexation module uses MINEQLϩ. Complete details of the model are presented by Bhavsar et al. [8] . The following summarizes the structure of the model and its extension to a dynamic formulation.
The TRANSPEC sequentially couples the speciation/complexation and fate modules such that the output of the speciation/complexation module is used by the fate module as input, along with other required parameters. First, the speciation/complexation module estimates metal species fractions and their distribution in defined, well-mixed compartments of an aquatic system. Then, the fate module, using the species abundance estimates calculated by the speciation/complexation module, calculates intermedia transport rates and media concentrations. We assume that metal fate has a negligible effect on speciation and, consequently, there is no feedback from the fate to the speciation module.
MINEQLϩ is a chemical equilibrium speciation/complexation modeling system developed by Environmental Research Software (Hallowell, ME, USA) [10] . The speciation module developed using MINEQLϩ uses total metal and ligand concentrations, and general chemistry parameters (e.g., pH) to estimate the equilibrium distribution of metal species in an aquatic system. Metal may bind to DOM that is treated as a diprotic acid (H 2 L) for which the concentration is calculated using ambient measurements of dissolved organic carbon (DOC) and assuming that 10 mg/L DOC contains 30 mol of H 2 L [19, 20] . Metal complexation to the solid phase is described by the double-layer adsorption model where hydrous ferric oxide is the sorbent phase. The speciation/complexation module iteratively finds the roots of nonlinear algebraic equations and ultimately provides estimates of the distribution of metal species at a specified metal concentration assuming equilibrium conditions and accounting for ionic strength. Equilibria calculations are not corrected for temperature due to lack of data on the enthalpy of formation for all reactions.
The speciation/complexation module identifies and quantifies all possible dissolved species of which the eight most abundant species, which account for 97 to 99.8% of the total metal mass, are considered explicitly by the fate module while the remainder of the dissolved species are lumped and considered as other. The number of dissolved species explicitly treated is flexible and can be modified in the model depending on the system. The fate module uses the speciation/complexation module results and prepares a matrix with the fraction of each species in all three phases (dissolved, colloidal, and particulate) of all the compartments. The module assigns a negligible value for the fraction of a species not present in a phase (e.g., ZnS in dissolved phase of the water column) to avoid a calculation error while estimating total metal and species-specific partition coefficients from the matrix. The fate module calculates partition coefficients using species fractions estimated by the speciation/complexation module and/or measured concentrations, depending on the approach adopted for a compartment. The fate module then calculates Z and D values (described elsewhere [8, 9] ) and constructs the mass balance equations using the multispecies fugacity/aquivalence concept [9] . Aquivalence, in contrast to fugacity, is applicable to volatile and nonvolatile chemicals [6] and the general model has been extended to consider chemicals that exist as multiple interconverting species. The fate structure is built on the QWA-SI model [11] with its defined intermedia transport mechanisms. The D values, as shown in the Appendix, are used to quantify transport processes. The mass balance for multispecies fate is set up as a series of differential equations with one equation for each species and compartment. The equation for species j in compartment b is
, E is direct emission (mol/h), subscripts a and b indicate compartments, j is the species, and D abj is a D value (m 3 /h) for the process that transports species j from compartment a to b, and D bj quantifies transport of species j out of the compartment b.
Equation 1 explicitly includes poorly known D values for species interconversion. By adding the mass balance equations for each species in a compartment, the species interconversion terms cancel and the equation becomes a pseudo-single-species mass balance that is solved easily. Using the aquivalence value for a compartment, along with aquivalence fractions, species concentrations are calculated for each phase in each compartment.
The dynamic version of TRANSPEC was applied to describe the dynamic behavior of Zn in Ross Lake and particularly the role of contaminated sediments. In this application, the system consists of a single well-mixed oxic water column underlain by a layer of surface sediments that may exist under oxic or anoxic conditions. Surface sediments act as biogeochemical reactors [21] where, in reality, speciation may change at the millimeter and submillimeter vertical scale [22] . As with other compartments, we neglect this level of detail and treat the sediment as a homogenous layer with a defined chemistry. Beneath this layer is a deeper layer of sediments that are considered to be permanently anoxic. As mentioned previously, each compartment consists of three phases: Dissolved, colloidal, and particulate. Colloids, 1 nm to 0.2 m diameter, are classified as DOM and have a high capacity for partitioning HOCs and metals (e.g., [23, 24] ). In addition to each compartment, aqueous chemistry is considered for metal partitioning in the inflow. It is assumed that metal, once introduced into a well-mixed compartment, is distributed instantaneously among phases.
The differential mass balance equations for total metal for the water column (Eqn. 2), surface sediment (Eqn. 3), and deeper sediment (Eqn. 4) are [5] . For each time step, the speciation module is first run to obtain the equilibrium distribution of aqueous species and complexed metal in all compartments. The dynamic equations of the fate module are then solved numerically using the finite difference method and calculated values of aquivalences from the previous time-step. Dynamic-TRANSPEC thus estimates new concentrations and intermedia transport rates of metal species for a selected timeperiod. The loosely coupled model is written in Visual Basic that can run on a PC.
MODEL APPLICATION

Ross Lake
Ross Lake has been described in detail by Evans [25] and Bhavsar et al. [8] . Briefly, Ross Lake (54Њ46ЈN, 101Њ52ЈW) is a relatively small, shallow lake with two basins (Fig. 1) . The north basin has been receiving the treated alkaline effluent overflows through Flin Flon Creek from tailing ponds of Hudson Bay Mining and Smelting ([HBMS], Flin Flon, MB, Canada), a base metal mine and copper smelter/zinc refinery that has been operating since 1930. Water flows from the north to south basin through a channel at the third avenue and leaves the lake via Ross Creek that runs into downstream lakes (Fig.  1) . Historical discharges of Zn to the lake were estimated at 1,000 to 1,250 kg/d from the 1930s to mid-1950s, approximately 1,500 kg/d over the next two decades, and 100 to 200 kg/d over the 1970s and 1980s [25] . The current loading varies between 25 and 50 kg/d (J. Nilsen, unpublished data). These past high discharges have created a large repository of Zn in Ross Lake sediments. In addition to mining discharges, an unknown volume of raw sewage was discharged into the north basin of the lake from the community of 4,000 to 6,000 people between 1930s and early 1950s [25] .
Shome [26] found about 9.2% or 92,000 mg/kg Zn in the sediments on a dry mass basis. Evans [25] reported the sediment Zn concentrations ranging from 1.3 to 5.3% and hy- pothesized that, due to the decreased metal loadings, changes in water chemistry, and the cessation of organic matter inputs, the Zn concentrations in the sediments are decreasing and the lake is now acting as a net source of the metal. Bhavsar et al. [8] applied the pseudo-steady-state version of TRANSPEC to estimate the fate of Zn during summer, fall, and winter scenarios. The model results also indicate remobilization of the metal driven by particle exchange at the sediment-water interface.
Field study
To monitor the status of Zn and Cu in Ross Lake, HBMS has been conducting weekly water sampling since 1995. Samples are collected from Flin Flon Creek at its discharge into the north basin and the narrows between the north and south basins. Samples at Ross Creek, the outlet of the south basin, were collected from January 1995 to September 1996. The samples were analyzed for pH, suspended solids, and total concentrations of a wide range of metals. Zinc and Fe were analyzed by graphite furnace atomic absorption spectroscopy with the detection limits of 0.002 and 0.005 g/ml at 213.9 and 248.3 nm (air-acetylene flame), respectively.
Metal profiles were obtained from sediment cores collected from two locations in the north basin (center and bay) and one central location in the south basin in September 2000. The cores, collected using a modified Kajak-Brinkhurst (K-B) corer, were extruded at 1-cm intervals for the top 5 cm, 2-cm intervals for the next 20 cm, and 5-cm intervals for the remainder of the approximately 40-cm core. The samples were stored at 4ЊC until they were freeze-dried. The samples were analyzed for a wide range of metals, including Zn, by inductively coupled plasma-atomic emission spectroscopy following an aqua-regia digest, for total organic carbon (TOC) using a Leco furnace (LECO, St. Josephs, MI, USA), and for iron by dithionite-citrate-bicarbonate (Fe DCB) extraction [27] . The average Zn concentrations in both cores from the north basin were 40,000 and 100,000 mg/kg in the top 5-cm and next 20-cm layers, respectively, with the peak reaching nearly 150,000 mg/kg at 18-cm (Fig. 2a) . For the south basin, the average concentrations were 20,000 and 70,000 mg/kg in the top 5-cm and next 20-cm layers, respectively, with the maximum concentration of about 110,000 mg/kg at 15-cm (Fig. 2b) . Copper followed the same profile as that of Zn, both of which originate from the mining operations. According to Pb 210 dating, the peaks of the metal concentrations correspond with historical trends in metal discharge with larger quantities of the metals released until 1970. Maximum Zn and Cu concentrations were below the peak of Fe and above the peak of total organic carbon, suggesting the association of Zn with some other ligand such as sulphide.
Seasonal variations in pore-water Zn concentrations were captured by deploying pore-water dialysis chambers (peepers) three times yearly nearby the core locations. The peepers consisted of cells that were 1-cm apart and were filled with distilled, deionized water, and covered with a 0.2-m semipermeable membrane (HT 200, Tuffryn polysulfone membrane; Gelman Sciences, Ann Arbor, MI, USA). Peepers were kept in deaerated nitric acid for 48 h before deployment to remove oxygen from the water in the cells. Peepers were retrieved after approximately three weeks, after which it was assumed that equilibrium within the cells was achieved with the surrounding pore-water. Pore-water samples were collected immediately upon retrieval from the lake using acid-washed syringes and were stored at 4ЊC in acid-washed glass vials with Teflon-lined caps until analysis. The samples were analyzed for Zn, total sulphur, and chloride using the same method as for water samples. The peeper results suggest that pore-water Zn concentrations are highly seasonal; high concentrations of 3,800 and 5,400 g/L were measured in fall for the north and south basins, respectively, and low concentrations of about 400 g/L for both basins were measured in summer and winter. In fall, the concentration peaked at approximately 3 cm and declined to 400 g/L by approximately 6 cm, suggesting that the fluctuations are constrained to this thin surficial sediment layer. The variation in pore-water Zn concentrations can be attributed to varying redox conditions [15, 28] and is limited by sphalerite dissolution kinetics [29] . Similar seasonal fluctuations in metal/metalloid pore-water concentrations driven by redox fluctuations are seen for arsenic [4, 30] . Sulphur concentrations in Ross Lake pore-waters also dropped by 50% of that in the water column within 2 to 10 cm of the sedimentwater interface [31] , depending on season, which is consistent with redox fluctuations in the surficial sediment layer and removal of metal from pore-water as insoluble metal sulphide under anoxic conditions. Based on lake bathymetry, the active sediment area, or zone of fine-grained sediment, was estimated to cover 80 and 50% of the total sediment-water interfacial area for the north and south basins, respectively. It was assumed that deposition occurs over the entire lake area while resuspension and burial happens over the active sediment area. Particle exchange rates between the water column and sediments were determined using sediment traps. A set of four cylindrical tubes, each 8 cm in diameter and 75 cm in height, was deployed 1 m below water surface to measure the deposition rate. A similar set was deployed 1 m above sediment-water interface to obtain combined resuspension and deposition rates. The traps were deployed in the center of both basins for approximately three weeks, four times a year. Suspended matter collected in the traps was used to calculate particle transport rates through gravimetric analysis, assuming no material loss over the deployment time. The results suggest seasonal variations in particle transport rates, which is consistent with previous studies (e.g., [32] ). These fluctuations have been correlated with the concentration of suspended solids (Table 1, Fig. 3 ), as has been done by Nõges et al. [33] . Minimum sedimentation rates observed in spring is consistent with the findings of Banas et al. [32] for shallow systems. Considering that relatively few data were collected and the uncertainties associated with the sediment trap method, particle transport rates in the model were calibrated within the range of measured values by maximizing the correspondence between measured and modeled concentrations of Zn in the water column ( Table 1) .
The sediment cores also were analyzed for Pb 210 from which the rate of sediment accumulation or burial was estimated using the constant rate of supply (CRS) model (Table 1 ). The Pb 210 activity was constant in the top 3 to 5 cm and steadily decreased in the next 15 to 25 cm leading to the choice of 5-cm depth for surface sediment layer. Rates of particle mixing attributed to bioturbation were calibrated and assumed to be negligible during winter (Table 1) .
Model parameterization
The input data for the model were as follows: Constant lake parameters (e.g., area and depth); seasonal averages of transport rates (e.g., particle deposition and resuspension) and porewater metal concentrations for partitioning calculations; and weekly variations in loadings (e.g., water flow, total suspended solids, Zn concentration) and inflow and lake chemistry (e.g., pH, ligand concentrations). The time-invariant and seasonally averaged parameter values are summarized in Table 1 . Weekly values were calculated using polynomial fits for average values of weekly data from 1995 to 1999 (Fig. 3) . These parameter values were updated in the model on a weekly basis.
Chemistry data obtained from field studies were used to parameterize the speciation module. Pore-water concentrations were obtained for Zn, Cl, and S concentrations, but we lacked estimates of DOC, pH, and dissolved oxygen concentration. Considering past discharges of untreated sewage and high organic matter observed in the sediments during field study, the DOC concentration in pore water was assumed to be 50 mg/L, which is about five times that in the water column. This is consistent with the findings of Thurman [34] . Sediments were assumed to have a neutral pH and to be well buffered. In the absence of measured dissolved oxygen concentrations, we assumed that the surficial sediment layer is oxic during fall and anoxic during the other seasons, based on metal and total sulphur concentrations in the pore water. The redox (oxic/ anoxic) status of the compartment is established in MINEQLϩ by assuming that sulphur exists predominantly as in oxic
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Ϫ in anoxic conditions. In the absence of measured rates of ZnS(s) dissolution in the sediments, we assumed that dissolution is governed by equilibrium conditions, which we know is a questionable assumption. Thus, to address this uncertainty, we used measured concentrations of Zn in the solid phase and seasonally measured Zn pore-water concentrations to calculate the sediment partition coefficient K dPS (sediment particle-to-soluble, where soluble ϭ dissolved ϩ colloidal). Partition coefficients K dPD (suspended solid-to-dissolved) for the water column, and K dCD (colloidal bound-to-dissolved) for all the compartments were estimated using MINEQLϩ.
Model results and discussion
Dynamic model results are used first, to examine seasonal variations in year-round Zn dynamics and, second, to project long-term Zn concentrations in the water column and sediments. The model was applied to both basins, however we present results for the north basin that has the highest Zn concentrations and the greatest availability of measured data with which to compare model results.
The model faithfully reproduces the measured water concentrations in the north basin (Fig. 4a) . Zinc concentrations vary year-round with a minimum of 0.4 to 0.5 mg/L during winter (Dec-Feb), and a maximum of 1.2 to 1.3 mg/L in fall (Sep-Nov). The sharp increase or decrease in estimated water concentrations at the beginning or end of a season tracks the more gradual change in the lake concentrations that arise from the seasonally changing particle exchange rates at the sediment-water interface. Abrupt seasonal changes in model estimates are the result of changes in transport rates (e.g., deposition and resuspension rates) that, in the model, are not continuous functions over time. Consideration of time-variant particle transport (deposition and resuspension) rates would have demanded more sediment trap measurements and/or interpolation between available data. Resuspension of Zn-rich sediment particles, with negligible input from diffusive exchange, remobilizes Zn from the sediments (Fig. 4b) . During fall when the surface sediment layer is oxic, dissolution of ZnS increases pore-water Zn concentrations (Fig. 2c,d) . The increase changes the net diffusive flux from sediment-to-water; however, higher binding of Zn in pore water to the colloidal phase (ϳ55%) that has a lower mass transfer coefficient curtails the flux. These results from the dynamic model are the same as those obtained from the pseudo-steady state version that was run for three seasonal snapshots [8] .
Most (80-90%) Zn in the water column is in the dissolved phase ( Fig. 4c-d) 55%, 12 and 20%, and 3 and 10% of total Zn, respectively, in response to varying water chemistry (Fig. 4d) . The results are similar to Zn speciation estimated by Evans [25] for Ross Lake. Concentrations of Zn bound to colloidal and particulate phases vary between 0.03 and 0.15 mg/L and Ͻ0.01 and 0.022 mg/L, respectively (Fig. 4c) . These concentrations correspond to between 8 and 18% and Ͻ1 and 3% of total Zn in the water column (Fig. 4d) .
In the absence of measured DOC concentrations in the pore waters, we evaluated the sensitivity of the results to changes in the concentrations by varying the value from 10 to 100 mg/L for the fall scenario (results not shown here). For this range in concentrations, the speciation/complexation module estimated about 20 to 75% of Zn in the pore waters bound to DOC. In response, the fate module estimated a ϩ300% to Ϫ500% change in Zn diffusion compared to the estimates for the base case of 50 mg/L DOC concentrations in the sediments. The overall results, however, are relatively insensitive to this large variation because the fate of Zn in Ross Lake is controlled by particle movement.
As mentioned above, these results are similar to those ob- tained using the pseudo-steady-state version. However, because the latter formulation is unable to account for the gradual depletion of Zn in the sediments, the dynamic version was used to project concentrations over the next 10 years. This simulation assumed the same weekly and seasonal variations in the parameter values over the years, which is reasonable considering the time frame. A constant Zn loading rate with the same year-round variations also was assumed. The estimated water concentrations vary from 0.45 to 1.25 mg/L during the first year to 0.3 to 0.55 mg/L in the 10th year, which is almost half of the initial concentration (Fig. 5a) . Similarly, the concentrations in the surficial sediment decrease from 36,000 to 8,000 g/g over this time (results not shown here). Superimposed on this decreasing trend are the seasonal fluctuations in water concentrations, as described earlier. The amplitude of the seasonal variations decreases with time as the sediments are depleted of their historical Zn burden (Fig. 5b) . Assuming a constant Zn loading, net Zn input from the contaminated sediments will persist in the north basin for about the next 10 years (Fig. 5b) .
Weekly data for the past seven years suggest that concentrations of Zn entering Ross Lake are decreasing at an average of about 5% per year (J. Nilsen, unpublished data). To estimate the system response to changes in Zn loading, the dynamic model was run with reductions in inflow Zn concentrations of 10 and 50% and, for illustrative purposes, an increase of 20% per year. In comparison with the base case, annual average water concentrations fall from 0.75 to 0.25 mg/L and from 0.55 to 0.10 mg/L (or by 65 and 80%) in 10 years with loading reductions of 10 and 50% per year, respectively (Fig. 5c) . Decreases in loadings, however, increase net particle-bound Zn transport from sediments-to-water as comparatively cleaner particles deposit to the sediments. The north basin sediments will be a source of the metal even after 10 years in these reduction scenarios, similar to the assumption of constant loadings (Fig. 5d) . With an increase in Zn loadings of 20% per year, water concentrations will remain almost unchanged for the first three years and then increase exponentially with a rise of about 200% in 10 years (Fig. 5c) . The initial stable concentrations are attributed to the increased loadings being offset by a reduction in net inputs from the remobilization of Zn from the sediments. After three years, decreased input from the sediments is superseded by increased Zn loading, resulting in increasing water concentrations and further decreases in net sediment-to-water Zn transport. As expected, this scenario changes the sediments from being a net source to a sink after six years (Fig. 5d) .
The final analysis we conducted involved changing the pH scenario used the same year-round variations and parameter values as in the previous runs. The changes in pH affect the species distribution (Fig. 6a-c ) and thereby metal fate ( Fig.  6d-j) . The decrease in pH eliminates ZnCO 3 ( Fig. 6b ) and decreases the fraction of Zn bound to particles (i.e., FeOZn; Fig.  6b and g ). Less Zn in the particulate phase of the water column decreases Zn deposition and thereby increases net Zn resuspension (e.g., Fig. 6i ). Higher Zn in the soluble phase of the water column, however, does not translate to a noticeable increase in water-to-sediment diffusion. The increase in net Zn resuspension causes a net increase in Zn transport from the sediments and increased Zn concentrations in water (e.g., Fig.  6i ).
Raising pH by 2 units changes the dominant dissolved species from Zn ϩ2 , , and to ZnCO 3 (Fig. 6c) . The change almost completely eliminates colloidal-bound Zn (ZnL; Fig. 6c and f ) and consequently increases the relative abundance of dissolved and particulate Zn (Fig. 6c, e, g ). The higher fraction of Zn in the particulate phase increases Zn deposition, thereby decreasing net Zn export from sediments and Zn concentrations in water (e.g., Fig. 6j ).
Overall, a decrease in pH increases Zn remobilization and export from the lake and vice versa. The estimates are consistent with previous studies that found lower metal retention in lakes (e.g., [35] ) and higher metal remobilization from lake sediments (e.g., [36] ) due to lake acidification and decreased metal mobility with increased pH (e.g., [37] ).
CONCLUSION
A coupled transport-speciation (TRANSPEC) model has been developed to estimate the speciation and fate of metals in aquatic systems. Built on the basis of the fugacity-based QWASI model, TRANSPEC explicitly addresses the systemspecific nature of metal speciation and requires input data that can be readily measured in most systems. The model parallels that of the QWASI model for HOCs by making two major simplifying assumptions. First, the model assumes instantaneous equilibrium among species within dissolved, particulate, and colloidal phases in a compartment, but not between compartments. Second, the model relies on user-specified values of ambient chemistry (e.g., concentrations of major anions, cations, redox potential, pH) rather than maintaining mass balances for these components. Based on these assumptions, TRANSPEC calculates species distribution and values of K d . Similarly to the case with HOCs, evidence has demonstrated that these assumptions do not strictly hold for metals. However, the question is the extent of error introduced by the adoption of these assumptions.
To evaluate the performance of the model, we applied it to a Zn-contaminated system, Ross Lake. We used the model to estimate the time-dependent behavior of Zn throughout the Dynamic coupled metal speciation/fate model Environ. Toxicol. Chem. 23, 2004 2419 year during which loadings, pH, and water chemistry vary and the surface sediment layer fluctuates between anoxic and oxic conditions. These fluctuations change the proportions of aqueous species in the water column and result in the dissolution of solid phase ZnS in the sediments to yield more mobile aqueous Zn species in pore water under oxic conditions. Thus, Ross Lake presents an excellent opportunity to evaluate the model because conditions within the lake are highly variable and Zn enters the system from contaminated sediments in addition to a well-defined inflow. Model estimates of water concentrations correspond well with measured values. Model results show that transport processes are dominated by particlephase Zn, even though 80 to 90% of Zn is in the dissolved phase. Diffusive transport between water and sediments is curtailed by Zn bound to colloidal DOM and is of secondary importance to Zn transported by resuspension and deposition. The model is then used to project water and sediment concentrations over 10 years as the sediments are depleted of Zn and the effect of decreasing and increasing pH over this 10-year horizon. This evaluation of the model, although only for one system, suggests that the simplifying assumptions made are reasonable and that this level of model complexity may be suitable for heuristic and regulatory purposes. These results are a useful first step towards developing a relatively simple, generic model of metal fate. ; V ϭ volume (m 3 ). b Subscripts: A ϭ air; C ϭ wet particle deposition; c ϭ colloidal; D ϭ deposition; E ϭ colloidal inflow; F ϭ colloidal outflow; G ϭ colloidal exchange between water and surficial sediment; H ϭ colloidal exchange between surficial and lower sediments; I ϭ dissolved inflow; J ϭ dissolved outflow; M ϭ mixing; P ϭ particle; Q ϭ aerosol; R ϭ resuspension; S ϭ dissolved diffusion between surficial and lower sediments; T ϭ dissolved diffusion between water and surficial sediment; W ϭ water; X ϭ particle inflow; Y ϭ particle outflow; SS ϭ surficial sediment; LS ϭ lower sediment; SB ϭ surficial sediment burial; LB ϭ lower sediment burial; MS ϭ surficial sediment mixing; ML ϭ lower sediment mixing; WSS ϭ from water to surficial sediment; SSW ϭ from surficial sediment to water; SSL ϭ from surficial sediment to lower sediment; LSS ϭ from lower sediment to upper sediment.
